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Size-dependent thermal conductivity of zinc oxide nanobelts
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The thermal conductivity of 关011̄0兴-oriented ZnO nanobelts 19– 41 Å in size is characterized over
the temperature range of 500– 1500 K using the Green-Kubo approach. Values obtained are one
order of magnitude lower than that for bulk ZnO single crystal. Surface scattering of phonons and
the high surface-to-volume ratios of the nanobelts are primarily responsible for the significantly
lower values and the size dependence observed. The conductivity is also found to decrease with
temperature and this decrease is attributed to thermal softening of the material, three- and
four-phonon processes, and optical phonon interactions. © 2006 American Institute of Physics.
关DOI: 10.1063/1.2193794兴
ZnO nanowires, nanobelts, and nanosprings are a class
of nanostructures with potential applications as ultrasensitive
chemical and biological sensors, nanoresonators, nanocantilevers, nanoprobes, and field effect transistors in nanoelectromechanical systems 共NEMSs兲.1–3 These quasi-onedimensional 共quasi-1D兲 structures show unique properties
sometimes unattainable in bulk. Also, properties often regarded as constants at higher scales display dimensional dependence owing to the high surface-to-volume ratios at the
nanoscale. The size dependence of Young’s modulus and
thermal conductivity is an example.4,5 At the nanoscale, electric field density and heat flux are very high; consequently,
thermal efficiency and reliability are of great concern. One
challenge is that the thermal conductivity is up to two orders
of magnitude lower at the nanoscale than what it is in
bulk.5–8 Characterization of such property variations with
size is therefore important.
Most thermal analyses at the nanoscale concern singleelement systems whose heat transfer characteristics are
primarily dominated by acoustic phonon interactions.5–10
However, in compounds such as ZnO higher frequency
acoustic and optical phonon interactions play significant
roles, especially at higher temperatures. So far, the effects of
such phonon interactions have not been systematically
characterized and little quantification is available, especially
at the nanoscale. In this letter, the thermal conductivity
of 关011̄0兴-oriented ZnO nanobelts 共wurtzite structure,
a = 3.249 Å, c = 5.201 Å兲4 with lateral dimensions of
19– 41 Å over the temperature range of 500– 1500 K 共melting temperature of ZnO: 2250 K兲 is quantified. Our approach
uses molecular dynamics 共MD兲 and the phonon radiative
transport theory11,12 for quantifying the contributions of
different scattering mechanisms.
The calculations use the Buckingham potential and
the Wolf technique for summing Coulomb force
contributions.13,14 The Green-Kubo approach based on the
fluctuation-dissipation theorem is used. Specifically, the thermal conductivity is written as
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where V is system volume, T is temperature, kB is Boltzmann
constant, J共t兲 is the th 共 ,  = 1 , 2 , 3兲 component of the
heat current, and 具J共t兲J共0兲典 is the autocorrelation function
for J共t兲 with 具 典 denoting ensemble time average. The analysis is limited to temperatures above the Debye temperature
D 共=420 K for ZnO兲. Consequently, temperature can be
calculated from
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with N being the number of atoms in the system and mi and
vi being, respectively, the mass and velocity of atom i. Temperatures below D, for which quantum mechanical corrections may be needed, are not considered here.
The simulation cell is 150 Å in length and 21.22
⫻ 18.95, 31.02⫻ 29.42, or 40.81⫻ 39.89 Å in the lateral directions. Periodic boundary conditions 共PBCs兲 are specified
in the axial direction to approximate the behavior of long
belts. Calculations show cell lengths above 100 Å are sufficient for avoiding image effects of PBCs due to truncation of
the phonon wavelength spectrum.15
Figure 1 shows thermal conductivity as a function
of temperature for the belts analyzed. The values
共3 – 10 W / m K兲 are an order of magnitude lower than that
for bulk ZnO 共⬃100 W / m K兲.16 This significant difference
is primarily associated with the high surface-to-volume ratios
of the nanobelts. Specifically, the relatively large fractions of
surface atoms enhance surface scattering of phonons and decrease the phonon mean free path, resulting in lower conductivity which is proportional to the mean free path. In contrast, the characteristic length for bulk materials is much
larger and the effect of boundary scattering is negligible,
resulting in larger mean free paths and much higher conductivity values. Also, over 500– 1500 K, the conductivity of the
21.22⫻ 18.95 Å belt is approximately 8%–0.5% lower than
that of the 31.02⫻ 29.42 Å belt and the conductivity of the
31.02⫻ 29.42 Å belt is approximately 6%–5% lower than
that of the 40.81⫻ 39.89 Å belt.
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FIG. 1. 共Color online兲 Thermal conductivity as a function of lateral size and
temperature.

Surface attributes also affect heat transfer. For the nanobelts, the interlayer spacings between the two outermost lay¯ 0兲 planes decrease by 73% and 9%,
ers of 共0001兲 and 共211
respectively, relative to the values for bulk ZnO, resulting in
higher atomic densities in the surfaces.4 Such a deviation
from perfect core atomic arrangement alters the surface scattering of phonons and lowers the conductivity. Boundary
scattering is also influenced by surface specularity 共probability of specular phonon reflection兲. Berman et al.17 showed
that specularity decreases with temperature, causing
decreases in conductivity.
Figure 1 shows thermal conductivity decreases with temperature. Between 500 and 1500 K, decreases of about 52%
are observed. This effect is attributed to thermal softening
and higher frequency phonon interactions at higher temperatures. At each size, the lower lattice stiffness at higher temperatures 共due to the nonlinearity of interatomic interactions兲
results in lower average phonon group velocities and lower
levels of heat flux 共Fig. 2兲. Also at higher temperatures,
higher frequency acoustic and optical phonon interactions
become appreciable, lowering the mean free path and
conductivity.
The size and temperature effects can be quantitatively
delineated using the equation for phonon radiative transport
共EPRT兲 that accounts for surface phonon interactions.11,12
The EPRT for thermal conductivity is11

FIG. 3. 共Color online兲 Effects of different scattering mechanisms on the
thermal conductivity of the 31.02⫻ 29.42Å nanobelt as predicted by EPRT.
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where x = h / kBT,  is phonon frequency, v is phonon group
velocity, ប is Planck’s constant,  = d / ⌳共x兲, d is the lateral
dimension of the nanobelt, ⌳ is phonon mean free path, and
 is relaxation time. G共兲 accounts for the effect of surfaces
which gives rise to the size dependence discussed here. This
term tends to unity as the lateral size approaches infinity and
Eq. 共3兲 reduces to that for bulk materials. The relaxation time
 is calculated using Matthiessen’s rule, accounting for
boundary, three-phonon 共normal and umklapp兲, and fourphonon scatterings.16,18 The specularity and four-phonon relaxation time are determined by fitting Eq. 共3兲 to the results
in Fig. 1. Constants related to three-phonon relaxation time
are determined from experimental data for bulk ZnO.16
Figure 3 shows the results for the 31.02⫻ 29.42 Å belt
for cases that account for boundary scattering 共B兲, boundary
and three-phonon 共normal and umklapp兲 scattering 共B + N
+ U兲, and boundary, and three- and four-phonon scattering
共B + N + U + F兲 processes. Over 500– 1500 K, boundary scattering is the most dominant process responsible for an
⬃80– 47% decrease in conductivity from the bulk value. A
further decrease of ⬃3 % – 11% is attributed to three-phonon
interactions and another decrease of ⬃3 % – 15% is due to
four-phonon interactions. At lower temperatures boundary
scattering dominates, while above 600 K the three-phonon
and four-phonon terms have to be included. The primary
reason is that at higher temperatures, the vibration amplitude
of atoms becomes sufficiently large so that the effect of
three- and four-phonon processes emerges as a significant
factor.
Finally, the significant size dependence of thermal conductivity analyzed here echoes a similar trend in mechanical
response.4 This size dependency of properties at the nanoscale offers potentials for novel applications in NEMSs that
rely on thermomechanical responses. Quantification of this
phenomenon should provide data and criteria for the design
and fabrication of a range of building blocks for nanoscale
devices.
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